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ABSTRACT

We aim to detect and locate more microearthquakes using the empirical matched field processing
(MFP) method than can be detected using only conventional earthquake detection techniques.
We propose that empirical MFP can complement existing catalogs and techniques. In the
Southern California Earthquake Data Center (SCEDC) earthquake catalog, 2972 events were
identified in our study area during January 2008 and December 2010. We use this earthquake
catalog to identify the best potential empirical master templates. We create 242 master templates
with at least four stations with good quality. We test our method on continuous seismic data
collected at the Salton Sea Geothermal Field during January 2010. The MFP method successfully
identified 1115 events. Therefore, we believe that the empirical MFP method combined with
conventional methods significantly improves network detection capabilities.

KEYWORDS: Geothermal, Salton Sea, Matched Field Processing, Event Detection, Event
Location, Seismic Array, Microseismicity

INTRODUCTION

Accurate identification and mapping of large numbers of microearthquakes is one technique that
provides diagnostic information when determining the location, orientation and length of
underground crack systems for use in reservoir development and management applications.
Conventional earthquake location techniques are often employed to locate microearthquakes.
These techniques require picking individual seismic phase onsets across a network of sensors
and work best on seismic records containing a single well-recorded event with low signal-to-
noise ratio. Additionally, fluid injection frequently induces a large number of events with
overlapping waveforms, which can complicate the picking of phases or completely obscure the
onset of smaller signals.

To aid in the seismic characterization of reservoir fracture networks, we propose to complement
traditional earthquake detection and location techniques with the empirical matched field
processing (MFP) method. MFP, as applied in seismology, matches the spatial structure of
incoming seismicity observed by a network of sensors to master templates keyed to potential
event locations.

Empirical MFP develops a catalog of matching templates from a collection of representative
microearthquakes that uniformly samples the study volume. The earthquakes for the empirical
master templates initially will have to be located using conventional earthquake location
techniques and subsequently relocated using advanced processing techniques, however all future
seismicity can be mapped using the computationally efficient MFP algorithm. In this paper, we
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apply this technique to recent seismic swarms that occurred in the Salton Sea Geothermal Field
during January 2010.

GEOLOGICAL BACKGROUND

The Salton Sea Geothermal Field lies on the southeastern shore of the Salton Sea. The Salton Sea
is the lowest part of the Salton Trough, a tectonic depression. Near the southern end of the Salton
Sea, the San Andreas Fault appears to terminate at a spreading center called the Brawley seismic
zone. This zone is the most northerly in a series of spreading centers distributed along the length
of the Gulf of California that forms part of the East Pacific Rise. Rifting and intrusions produce
high heat flow that metamorphoses the sedimentary rocks to shallow depths (Fuis et al., 1984).

DATA

Seven three-component seismic stations are located within the geothermal production field
(Figure 1). This array is maintained by Caltech/USGS and continuous data has been archived at
the Southern California Earthquake Data Center (SCEDC) since January 2008. Earthquake
catalog locations and phase data is also available at the SCEDC.
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Figure 1. Seven stations (blue triangle with station names) map view in EN network. The grey
dots are catalog events from SCEDC during January 2008 and December 2010. The
master templates are marked in red.

METHODOLOGY

Our MFP technique is an adaptation of a signal-processing technique originally developed to
locate continuous underwater acoustic sources. MFP can steer the array explicitly in the
frequency domain using the complex phase and amplitude factors obtained by solving the wave
equation through a propagation model. However, it is difficult to develop realistic Earth models
to predict the structure of seismic wavefields at frequencies much above a tenth of a Hertz
(Harris and Kvaerna, 2010). An alternative to calculating the wavefield structure across an array
is to estimate the structure directly from field calibration data, i.e., previous seismic events. We
refer to this strategy as empirical MFP. In empirical MPF, the master templates that are created
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from the seismograms of previously detected micro-earthquakes contain contributions from
direct and scattered seismic energy.

An example work flow is described in Figure 2. To determine which events we should choose
for our field calibration events, we first obtained the SCEDC catalog. The objective was to
choose master template events as the input of the empirical MFP method. We visually inspected
each potential master template to make sure that there were no overlapping events or noise
spikes. Then, we ran the empirical MFP code on the continuous seismic data from January 2010
and identified events in the data stream that match the master templates. We investigate different
frequency bands: 2-8, 4-10, and 6-12 Hz and different thresholds from 3 to 25. Finally, we
double check the new detections by eye and analyze the relationship between newly identified
events and master templates.

Master events selection

The number of events that have occurred within 10 km of station HAT in three years between
January 2008 and December 2010 is 2972. We have looked at the waveforms of all catalog
events and chose the best quality data as the master templates. These events have little noise in
the frequency range we are investigating and do not have overlapping events within the 70 sec
time window that is needed to create the master templates. We choose 242 master templates out
of 2972 catalog events. The master templates include at least four stations with good quality
recordings.

Get event locations from catalog

v

Choose master templates
with clean records

v

Run empirical Match Field
Processing on continuous data

v

Find more events

v

Double check and analyze newly identified
events and find the optimal parameters

Figure 2. Empirical MFP work flow.
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Figure 3. Example of one master event with origin time at January 23, 2008 18:15:57. The first
row contains the waveform with the station name on top. The second, third and fourth
rows show spectrograms of the EHZ, EH2 and EH3 components between () — 20 Hz,
respectively.

Figure 3 shows an example of a master event with origin time at January 23, 2008 18:15:57. In
general, the background noise is incoherent across the 70 sec time window at stations ENG,
HAT, OBS, RED, SIM and YOU. In this particular example station LIN displays higher
background noise than other stations over the frequency band in which we are searching for
events. In general, LIN is consistently noisy especially when events are weak. Therefore, we
decided to remove station LIN due to its poor quality of recording. The other stations do not
consistently display background noise energy.

MFP RESULTS

For this study, we focus on continuous data collected in January 2010. The data includes the
largest seismic swarm that occurred in the Salton Sea Geothermal Field since continuous seismic
data has been archived at the SCEDC. Unfortunately, seismic station SIM was not operational at
this time.

The empirical MFP code performs its calculation on the continuous data using a 70-sec window
which steps forward 1 second at a time. Figure 4 shows a 10-day example of results for the time
period January 10™ — 20" 2010. This segment of data is band-pass filtered between 4 - 10 Hz.
The y-value at each time point indicates the normalized detection statistic. A value of 1 would
indicate an exact match between the template and the incoming seismicity at that particular time.
Threshold levels for each detector are calculated over each 10-day period and are a function of
the average detection statistic value (Figure 4). Detection statistics above the threshold are
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compared to detections at other detectors. If two detectors identify the same event, the detector
with the largest detection statistic is then determined to have detected the event. Figure 5 gives
the location of the detectors in 3D view.

As illustrated in Figure 4, most detectors show an elevated detection statistic during the January
15 swarm (see the blue shadow zone). These four detectors show representative behavior.
Compared to other events, Detector 89 (origin time: April 17, 2009 04:35:34) and 167 (origin
time: January 16, 2010 01:26:20) detected events in a relatively similar pattern. This is
reasonable because these two events are closely located and so may have similar wavefields
along the path (Figure 5). Detector 167 matches the incoming seismicity better than Detector 89
as indicated by the higher detection statistics. Detector 157 (origin time: January 11, 2010
00:25:36) is somewhat more distant from Detectors 89 and 167. This detector is able to detect
some other events that are not detected by Detectors 89 and 167. This illustrates the fact that the
more spatially evenly sampled the master events are, the higher chance we will have to be able to
detect more events in that area. The detection statistics from Detector 1 (origin time: 2008/01/21,
03:29:28) mostly fall below the threshold. This detector is far away from the swarm and not
many events occurred close to it during this particular time period (Figure 5).
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Figure 4. Empirical MFP detection results from four master templates during January 10™ —
20" 2010 The threshold is indicated by the horizontal line in each plot.
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Figure 5. HypoDD relocation of the January 2010 seismicity and master templates. The four
detectors shown in Figure 4 are marked by red symbols. The background seismicity
and other master templates are represented by the black dots.

Threshold and frequency band study

We identified 1115 new events by visually verifying the MFP detections in the 2 — 8 Hz
frequency band and by setting the threshold to 3 times the average detection statistic value within
the 10-day time frame. We use this set of events as the reference set of real detections. We
compare the reference set with the detections identified from the three frequency bands 2 — 8 Hz,
4 — 10 Hz and 6 — 12 Hz, as well as thresholds ranging from 3 to 25. Lowering the threshold
value increases the number of real events identified, however the number of false positive
detections increases exponentially possibly due to matching of the background noise instead of a
real signal. Figure 6 shows the number of real events identified is a function of the threshold
level. As we can see, the false alarm rate quickly decreases when the threshold is set higher.
Figure 7 shows the reconciliation between the real events and the catalog events. During January
2010, 333 events were identified in the SCEDC catalog. 318 catalog events were detected by the
empirical MFP method and 15 catalog events were not detected by the MFP.

Figure 6 and 7 demonstrate that more real events are identified with a higher frequency range at
lower thresholds, but the price is the introduction of more false detections. When the threshold is
increased, the alarm rate increases correspondingly. For frequency band 2 — 8 Hz, the true alarm
rate is approximately 95% when the threshold is 12. For 4 — 10 Hz, the threshold has to be 15 in
order to reach 95%, but the number of real events is smaller than that in the 2 — 8 Hz frequency
band. For 6 — 12 Hz, the number of real events identified decreases even more quickly as the
threshold increases. This behavior could potentially be improved by further removal of noisy
stations.
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Figure 6. Number of real events identified by the MFP algorithm compared with the total
number of MFP detections within different frequency bands and above different
thresholds. The number of detections is marked on top of each bar in blue. The number
of real events identified is indicated in red. The black number on top is the percentage
of real events within the detections. The same scale for the y axis is used for the three
frequency bands: 2-8 Hz, 4-10 Hz, and 6-12 Hz, from top to bottom.

Page 7



J. Wang, D. C. Templeton, and D. B. Harris

Murnber of real events detected 2-8Hz
T T T T T T T T T T T

1500 28.5 36.0 42,1 467 50.8 53.9 566 59.9 63.1 66.3 68.1 70.9 74.0 76.8 79.2 83.1 876 87.6 89.3 50.5 90.6 89.6 90.3

1115 I =2l events
[ catalog events

1000

a73
732
553
597 553 g15 0,

M7 415 392 364 gy 4, 293 ]

260 242 233 215 199 180 154 154
o [1318][314] 30 [208] [303) [o08] [o03] [283| [o82] [275| [267] 258 m 238 @ 2l ’ﬁ‘@ 150] [753] [ 79
1 12 14 E 18 X # “

5 g 10

Murmber of events

a0

o

Threshold

Mumber of real events detected 4-10Hz
T T T T T T T T T T T

1500 28,7 30.7 350 393 43.0 47.3 500 52.0 54.8 58.2 61.4 643 66.7 683 707 742 779 80.2 62.4 524 851 85.2 94.5|

o~ I el events
1037 [ Jcatalog events

204

797

319(|318( [316{[313

4 B
Mumber of real events detected B-12Hz

1000

718

491 456
426 395 375 4 329 ogg i
262 233 221 o041 475 454
309| |308| |299| |293| [290| |285 | [280| | 274 |254| | 256 m ol e mm I Wmm
14 Iz 1 2 - )

g 10 12

Murnber of events

50

o

Threshold

293296 306 324 347 376 405 434 459 491 521 546 571 891 B1.3 B4.4 652 BE2 BEBE 704 73.8 740 735
B Rl events

1095 1075
1044 [ catalog events | |
1000 o909 56
763
g

700
G52
531
247 513
483 452 419 393 _
287 253 21 204 139
: F21||319 [319]|316] |315( |314] |309] (304 | [299) |290| [285| | 280] |Z76| | 267| |257| |253| 235 QM 178 Mmm
4 53 18 20 22 24

10 12 14 16
Threshald

Figure 7. Comparison of the number of real events identified by the MFP and the events
included in the official SCEDC catalog for different frequency bands and thresholds.
The number of real events is marked on top of each bar. The number of catalog events
reconciliated is inside the yellow bars. The number on top is the percentage of the
catalog events that were identified in each threshold level. The same scale for y axis is
used for the three frequency bands: 2-8 Hz, 4-10 Hz, and 6-12 Hz, from top to bottom.
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DISCUSSION

Among 1115 real events identified by the MFP with threshold set to 3 using 242 master
templates, we plot the number of real events identified by each master template in Figure 8. We
divide the master templates into three groups (see Table 1).

Page 8



J. Wang, D. C. Templeton, and D. B. Harris

Color Number of real events Comments
identified
Red group A Num >=40 High
Blue group B 40>Num>=5 Medium
Green group C Num<5 Low

Table 1. Three groups of master templates.
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Figure 8. Number of real events identified by each master template. Two lines: num=>5 and
num=40 are the criteria to divide them into three groups by the performance of the
master templates.

Figure 9 shows the magnitude and location of the master templates marked in each group by
color. The grey dots are background seismicity in January 2010. We have found that the master
templates with low identification ability are mainly in the western half of the study area. The
master templates with high identification ability are scattered throughout the study area.

The performance of the master templates is heavily affected by whether the templates have a
clean signal or are compromised by high background noise. Other factors that affect the
detection ability of the master templates will be investigated in future research. For example, the
magnitude of the master templates is another potential factor to affect the detection capability.
Whether larger master template identify more events, is still an open question. However, Figure
9 shows that the master templates with various magnitudes are randomly allocated over the
whole region. Another factor is the location of the master templates. As we know that most of
the events are located around the major swarm, a master template located nearby the swarm is
expected to identify more events than the one located farther away from the swarm. But in
Figure 9, the master templates which identify the most real events are not located at the center of
the main swarm. Performance of the master templates may also be influenced by the source
mechanism of the master event. These issues will be investigated in a future study.
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Figure 9. Magnitude and location of master templates in map veiw. The color indicates the
group mark. The size of the dot indicates the magnitude of the master templates.

CONCLUSIONS

MFP with empirically calibrated master templates is able to detect more events than can be
detected using conventional techniques. Unlike most array processing methods, empirical MFP
does not require a plane wave assumption. Therefore, empirical MFP has more adaptability to
varying noisy environments, as long as the master templates adequately cover the area where
future events will possibly occur. Our test on the continuous data during January 2010
demonstrates the detection capability using empirical MFP. There are 1115 events detected in
total by MFP, while the catalog reports only 333 events. Thus the empirical MFP algorithm
significantly improves seismic array detection capability.
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